Deep knee flexion postures such as kneeling and squatting have been demonstrated, in recent review of occupational knee disorders, as a risk factor of developing knee osteoarthritis (OA). This study investigates a probabilistic method to analyze knee gait kinematics measurements of workers exposed to knee straining postures to determine if they are in any way similar to those of knee OA patients. The measurements we use are clinically relevant kinematic signals, namely the variation during a locomotion gait cycle of the angles the knee makes with respect to the three-dimensional (3D) planes of flexion/extension, internal/external rotation, and abduction/adduction. Three groups of participants were used: a set of 24 workers exposed to knee straining postures (KS workers) acting as a test group, a control group of 25 non-KS posture workers, and a reference knee OA group of 29 subjects. We compared the kinematic data of KS workers to those of knee OA patients and non-KS subjects using the Bayes decision theory. The results shows that, using the 3D data taken together or the abduction/adduction data, the KS workers resembles often to the OA patients. The analysis on the transverse plane and on sagittal plane, i.e., the flexion/extension and the internal/external rotation, are not conclusive as the similarities are not significant. The kinematic gait analysis by Bayes decision rule shows the similarity of workers exposed to knee straining postures to OA gait pattern and justifies further prospective studies of KS workers in order to assess if gait pattern could be modified even before the onset of the disease.
Introduction
Osteoarthritis is the most common type of musculoskeletal disorder and the knee is one of the most affected joints. [1] A review of the literature highlighted that pathogenesis of osteoarthritis is multi factorial. Joint injury [1] and physical activity [2] are among the leading risk factors in the development and progression of the disease. [3] Epidemiological studies have shown an association between occupational activities and knee osteoarthritis (OA) development. [4] [5] [6] Working in kneeling/squatting posture and lifting/carrying heavy weights have been identified as occupational risk factors. Moreover, these physically demanding activities were shown to cause excessive mechanical loading on the knee joints, thereby increasing the risk of severe OA. [7] These indicators have contributed some valuable information toward the diagnosis of OA, its risk factors, and its development. [8, 9] However, these studies have assessed the physical workload of workers based on self-evaluation or membership to typical occupations rather than by direct monitoring of knee function. Moreover, their focus was not specifically on the impact of posture on knee function.
Biomechanical gait measurements, which currently can be easily acquired in clinical settings, [10] inform directly on knee function. They can be formally analyzed to determine factors influencing OA progression and thus can be used for the early detection early detection of people vulnerable to the disease, which makes it possible to change joint biomechanics before OA causes irreversible damage to the joint. For instance, some studies have been able to distinguish between asymptomatic subjects and knee OA using kinematic measurements. Other investigations could relate advanced stages of knee OA to ranges of knee joint rotation angles. [11] [12] [13] [14] In a practical setting, knee gait kinematics of workers exposed to knee straining postures were compared to those of workers who were not. The analysis highlighted some statistically significant differences on characteristic gait data, such as a greater knee flexion angle at initial foot contact and a lower peak knee flexion angle during the swing phase and a lower angle range for non-KS workers. [15] Finally, other studies have reported that exposure to deep knee flexion resulted in changes in peak knee adduction and flexion moments as well as in peak flexion angles. [16] However, no study has addressed explicitly the problem of determining the similarity between kinematic data of workers exposed to knee straining postures and kinematics of OA patients. A similarity with OA gait pattern would justify further prospective studies of KS (knee straining) workers, eventually showing that gait pattern of these workers could be modified even before the actual onset of the disease, as measured by X-Ray, for example.
The present study investigates a novel method which uses kinematic gait signal analysis to determine if workers exposed to knee straining postures have knee kinematics that resemble those of knee OA patients. Our basic hypothesis is that these workers have a signal gait patterns similar to those of knee OA patients rather than of non-knee straining workers. We used three groups of participants: a group of workers exposed to knee straining postures (KS workers) serving as a test group, a control group of workers not exposed to knee straining postures(non-KS workers), and a reference knee OA group. We examined three clinically relevant kinematic signals: flexion/extension, internal/external rotation, and abduction/adduction angle variations during a locomotion gait cycle. By Bayes decision rule, we confirmed our hypothesis that the gait patterns of the KS workers are similar to the patterns of OA patients rather than of non-KS.
Method

Participants
For a participation at large, all the subjects who took part in this study were recruited using advertisements in local newspapers in Montreal (Quebec, Canada). Fliers presenting information about the project were also distributed. Institutional ethics approval was obtained and all participants signed the informed consent.
The participants formed three distinct groups. One group is composed of 24 healthy workers (19 men and 5 women) with no diagnosis of clinical or radiological knee OA but who were exposed to occupational knee straining postures (KS). KS participants had to be 18 years of age or older and had to be exposed on a daily basis to sustained deep knee flexion postures while kneeling or squatting during working hours for at least 30 min/day and for at least the past five years. The second group is the control group, composed of 25 non-KS workers (12 men and 13 women) unexposed to occupational knee straining postures. Finally, the knee OA group contains 29 knee OA patients (17 men and 12 women). More details on the inclusion/exclusion criteria of the KS/non-KS group and of the OA patients can be found in Ref. [15] and in Ref., [17] respecively.
Three-dimensional (3D) knee kinematics signals with respect to the frontal, sagittal, and transverse planes were recorded from each participant while walking on a conventional treadmill at a self-selected comfortable speed. A knee marker attachment system, the KneeKG system, [10] was installed on the participant's knee to record the 3D kinematics during two trials of 25 sec. This motion capture tool is composed of a harness and plate fixed quasi-rigidly onto the femoral condyles and tibial crest (see Figure 1) , and provides accurate (0.4-2.3 and 1.1-2.4 mm), repeatable (0.4-0.8 and 0.8-2.2 mm), and reliable (intra class coefficient of 0.88-0.94) measurements. [10] Fifteen representative gait cycles were averaged to obtain a mean pattern per subject based on an adjusted coefficient of multiple determinations. [18] This was followed by interpolation and resampling from 1% to 100% of the gait cycle, therefore giving 100 measurement points for each participant. These data processing steps were performed using Matlab 2008b (The Mathworks, USA). To reduce the dimensionality of the data, we considered the first 20 gait cycle percentage points since these are generally considered the most relevant points for knee OA analysis. [19] 
Bayes decision rule
The purpose of this analysis is to determine whether the KS workers have gait patterns similar to those of knee OA patients rather than of non-KS workers using Bayes classification. We examined three clinically relevant kinematic curve measurements: flexion/extension (sagittal plane), internal/external (transverse plane), and abduction/adduction (frontal plane) angle variations during a locomotion gait cycle. The analysis was conducted for the three planes together by concatenation of the gait cycle data into a single vector. We also performed the same analysis for each separate plane data to look at the behavior of the data for each plane independently of the other two. The analysis can be summarized as follows:
Let ω 1 designate the non-KS workers group, and ω 2 the knee OA patients group. Let x be the feature vector. For the frontal plane data, for instance, x is a 20 element vector composed of the first 20 abduction/adduction angle measurements of the gait cycle. The Bayes formula provides the a posteriori probability of measurement x to be from group ω i , i ∈ {1, 2}: where,
p(x|ω i ) is the likelihood of ω i with respect to x. It is the conditional probability of obtaining the observed measurement x given that it has been sampled from group ω i . p(ω i ) is the prior probability of group ω i . We used the generally accepted value of OA prevalence p(ω 2 ) = p(OA) = 15% published in the literature [20, 21] for an age group similar to that of cohort. Thus, p(ω 1 ) = p(non − KS) = 85%. p(x), which is the evidence, can be viewed as a scale factor that guarantees that the posterior probabilities sum to one. Using the Bayes formula, we have the following decision rule:
or, equivalently:
The class-conditional densities p(x|ω i ) are modelled by multivariate normal distributions:
where i={1,2}, µ i is the mean vector, and Σ i the covariance matrix of the class ω i . The density parameters are estimated from non-test data sets.
The normality of the densities is verified using the Q-Q Plot (Quantiles-Quantiles Plot) which is a plot of the percentiles of a standard normal distribution against the corresponding percentiles of the observed data. [22] The basic assumption is that the OA and non-KS training data sets are sufficiently representative of the OA and non-KS classes.
Bayes classification seeks an optimal division of data into two classes. The normality assumption is convenient to handle mathematically, and, in our case it was verified by the Q-Q Plot. The results, to be discussed in Section 3, confirm that the normality assumption is sufficient, so that there is no need to developp and study another model.
Statistical analysis
An analysis of variance was performed to verify the group homogeneity. A Post hoc Tukey test was used to examine the differences between pairs of groups. The implementation of this statistical processing was done via SPSS 18.0 (Statistical Package for Social Sciences). A P -value of .05 was set as the criterion for statistical significance.
Results
The Q-Q Plot shown (see Figure 2) , confirms that the densities corresponding to each angle data, i.e., the flexion/extension (red points), internal/external rotation (blue points), and abduction/adduction (green points), can be effectively modelled by multivariate normal distributions. Table 1 shows the results of comparing KS workers data into either OA or non-KS workers. The first row displays the similarity results when the three planes data are used together by concatenation into a single vector. The other three rows are for each of the plane data separately, namely the frontal (Abduction/adduction), sagittal (Internal/external rotation), and transverse (flexion/extension) planes. Note. The classification is based on the Bayes decision rules using the three planes together (line 1) and each of the plane data separately (lines 2-4). Note. Significance during post hoc t-tests is denoted by letters representing which group was compared (*, KS workers; #, Non-KS workers; †, Knee OA). Significance was set at p < 0:05.
To insure participation at large, all the subjects who took part in this study were recruited using advertisements in local newspapers. As a result, the general subject characteristics were not matched. The Post hoc analysis of these characteristics revealed that there were some significant differences (see Table 2 ) between groups. The Knee OA group is older than the Non-KS workers and the Knee OA group (p < .05). Also, the BMI data analysis show a significant difference between the Knee OA group compared to the Non-KS workers and the Knee OA group. However, there was no significant difference in the height variable of the three groups.
Discussion
The Bayes decision rule applied to the data from the three planes taken together (first row of Table 1 ) indicated that 20 KS workers (83.3%) are more similar to the OA group and that the remaining 4 KS-workers' patterns resembled more non-KS gait patterns. This clearly indicates that the kinematics of workers exposed to knee straining postures generally resembles the kinematics of OA patients. This can be observed despite radiologically confirmed osteoarthritis in the diagnostic for these workers. This justifies further prospective studies to demonstrate if KS-workers have a gait pattern at risk of developing the disease soon. This is consistent with studies reported in the literature. For instance, the association between work load and increased risk of knee OA was demonstrated in Ref. [23, 24] Also, a physically heavy workload was shown to be detrimental to the knee joint and to increase the risk of severe OA. [7] Finally, it was shown that prolonged or repeated knee bending is a risk factor for knee OA, and that risk may be higher in jobs involving knee bending and mechanical loading. [4] We also performed a focused analysis using each plane data separately to see which, if any, corroborates the conclusion of the three plane data analysis. By determining that abduction/adduction pattern of 22 out of 24 KS workers resembles more abduction/adduction pattern of OA subjects (see Table 1 ), the abduction/adduction data (frontal plane) analysis alone affords the same conclusion as the three plane data analysis: the abduction/adduction kinematic data of workers exposed to knee straining postures resemble those of OA subjects (Table 1 ). This result is also consistent with studies reported in the literature. [25] Particularly, it was shown in a study about the role of knee alignment (varus/valgus) in disease progression and functional decline in knee osteoarthritis, that the varus alignment at baseline increased risk of subsequent medial osteoarthritis progression and the valgus alignment at baseline increased risk of subsequent lateral osteoarthritis progression. Moreover, it was shown in a comparative study of KS workers versus non-KS workers, [15] that KS workers have a greater foot contact angle than the non-KS workers and that they seemed to stay adducted during the entire gait cycle, particularly during the stance phase. Finally, knee adduction has been shown to correlate with high adduction moments, [26, 27] which can lead to excessive loading on the medial compartment and medial knee OA.
The analysis in the two other planes, i.e., flexion/extension and internal/external rotation, showed, on the contrary, that KS workers' knee movement in these planes did not clearly resemble the patterns of either OA or non-KS workers. These results indicate that a prospective gait analysis on risk factors related to knee straining activities should focus on a detailed analysis in all three planes of movement.
The statistical analysis confirms that the similarity found between KS workers and knee OA patients is due to their knee
Published by Sciedu Press kinematic data and not to their general subject characteristics, since, the Post hoc Tukey test reveals significant statistical difference of the age and BMI between the KS worker group and the Knee OA group (see Table 2 ). The percentages of female to male in the OA patients and non-KS subjects are comparable (42% female vs. 58% male and 52% female vs. 48% male, respectively), so that there was no specific additional analysis we needed to do on the possible effect of gender.
Conclusion
In this study, we investigated a novel method based on kinematic gait signal analysis and Bayes decision rule which found that knee kinematic data resulting from knee overloading exposure strongly resemble those of knee OA patients. This emphasizes the necessity of a safe working environment for workers who are exposed to physical load. This result is consistent with and complements earlier epidemiological investigations using a kinematic gait signal analysis. The method offers additional insight into the mechanisms that might contribute to knee OA development and progression and thus contribute to early detection of the diseases and management of modifiable risk factors. It also justifies further prospective studies of KS workers in order to assess if gait pattern could be modified even before the onset of the disease.
